Abstract: This study detected the upstream and downstream key genes of glycolysis in Dunaliella Salina by using Real-time Fluorescence
Introduction
Dunaliella salina is one of the most salt-tolerant photosynthetic eukaryotic organisms in the world. The adaption to high salt environments occurs by means of glycerol synthesis to balance external osmotic pressure. Intracellular glycerol content has been found to increase with increasing content of NaCl in media [1] [2] [3] . It has been confirmed that yeast and other microorganisms also balance external osmotic pressure by synthesizing glycerol under hyperosmotic stress [4] [5] [6] [7] .
The starch stored in chloroplast by D. salina could degrade rapidly under hyperosmotic stress. A pivotal precursor of glycerol, glyceraldehyde-3-phosphate, could be transformed through the glycolysis pathway, resulting in glycerol being synthesized in two steps. Glycerol production is coupled to the glycolysis pathway by means of glyceraldehyde-3-phosphate, which is the isomeric compound of dihydroxyacetone phosphate (DHAP). The mutual transformation of the two isomers do not require enzymatic catalysis, and occur in a natural balance. Dihydroxyacetone phosphate, the main raw material of the production of glycerol, could be catalyzed by glycerol 3-phosphate dehydrogenase to eventually generate glycerol. The content of intracellular dihydroxyacetone phosphate determines the rate and amount of the production of glycerol. Phosphofructokinase (PFK) [8] and glycerol-3-phosphate dehydrogenase (GPD) [9] [10] [11] are two key enzymes of this process. PFK catalyzes the conversion of fructose-6-phosphate to fructose-1,6-bisphosphate [12, 13] , and has the characteristics of allosteric modulation in bacteria, plants, and animals, keeping consistent with the activity of glycolysis [14] . Earlier reports point out that the activity of PFK is strongly inhibited by phosphoenolpyruvate (PEP) in some photosynthetic eukaryotic organisms [15] [16] [17] [18] .
Enolase (ENO) lies further downstream in the glycolysis pathway, and catalyzes the last reversible reaction: the unique dehydration of 2-phosphoglycerate to PEP [19] .
We prepared the gene chip for the the expression profile of Dunaliella Salina and found that expression of DsENO was significantly down-regulated at the transcription level under hyperosmotic stress. This suggests that reduced expression of DsENO and its activity could decrease the amount of available carbon for the tricarboxylic acid cycle and also increase the rate of glycerol synthesis.
The present study describes the effects of cooperative regulation of two key enzymes lying in upstream and downstream positions in the glycolysis pathway in Dunaliella salina: PFK, which is characterized by allosteric modulation, and ENO, which is involved in the last reversible reaction. 
Materials and methods

Extraction of RNA
The total RNA was isolated from the cells using TRIZOL reagent (Takara, Japan) according to the manual. The extracted RNA was treated with DNase to eliminate genomic DNA contamination. The RNA preparations were quantitated by absorbance at 260 nm, and integrity was assessed via 1.5% agarose gel electrophoresis and Green View staining electrophoresis. Extracted total RNAs were stored at -80°C.
mRNA expression studies by real-time quantitative PCR (qPCR)
Total RNA was used to synthesize oligo (dT)-primed cDNA with the reverse transcription kit (Takara, Japan) following the manufacturer's instructions. 
Determination of enzymatic activity
Under the same stress conditions as those in the qPCR studies, the PFK (EC 2.7.1.11) activity was measured using the Phosphofructokinase Activity Assay Kit (Genmed, Shanghai, China) according to the manufacturer's instructions and read plate absorbance at 340 nm in a microplate reader (Biotek μQuant). Each experiment was replicated three times. Protein concentrations were determined by Bradford assay using BSA to generate a standard curve.
Detection of intracellular PEP by high performance liquid chromatography (HPLC)
All HPLC eluants and standards were prepared using water with a specific resistance of at least 18 mΩ. The PEP were purchased from Sigma (P/N 860077).
The Dionex DX-600 ion chromatography system contained a Dionex GS50 gradi ent pump. Samples were automatically injected using a Dionxe AS50 autosampler. After enhancing the signal-to-noise ratio by means of an anion self regenerating suppressor (ASRS 300) that was operating in the auto suppression mode, the eluant's conductivity was deter mined using a Dionex ED50 electrochemical detector equipped with a conductivity cell. Chromatograms were analyzed by Dionex Chromeleon ® software. The HPLC column used was a Dionex IonPac AS11-HC 2-mm Analytical Column (P/N 052961) equipped with a guard column (AG11).
The gradient profile was shown in Table 2 . A 10 μL injection loop was used for all runs. A re-equilibration period of 15 min was sufficient to achieve stable baseline conditions. All eluents were sparged with purified nitrogen gas prior to use. The eluants were stored in coated bottles (to prevent washout of anions by the high NaOH concentrations used) in a nitrogen atmosphere (preventing generation of carbonate ions). Standard solution of the PEP (10 mM L -1 ) was prepared in deionized water, 10 μL of which was further chromatographed in order to determine retention time. This peak was integrated to determine the peak area for each sample.
Under the same stress conditions as those in the qPCR studies, the D. salina cells (300 ml at each time) were harvested by centrifuga tion at 10000g for 10 min at 4°C, and the pellet was resuspended in 5 volume of ice cold water with a specific resistance of at least 18 mΩ. Cells were dis rupted by sonication on ice for 4 min, 3 s each with 2 s cooling between successive bursts in a Sonics Vibrocell TM VCX750. The homogenate was centrifuged at 13000g for 20 min at 4°C and the supernatant was injected into the HPLC following filtering through an acrodisc syringe filter (0.45 µm HT Tuffryn membrane, Gelman Laboratory, Ann Arbor, MI), eliminating cell debris. Peaks were identified by their retention times as well as by using co-chromatography with standard.
The effect of PEP on recombinant DsPFK activity
The purified recombinant DsPFK activity was measured in both the presence and absence of PEP at concentration of 0.5, 2.0 mM L -1 using the method mentioned previously. Each experiment was replicated three times. Protein concentrations were determined by Bradford assay using BSA to generate a standard curve.
Determination of glycerol concentration
Algal cells in the logarithmic growth phase in 1.5 M L -1 NaCl media were transferred to 3 M L -1 NaCl media. At 5min, 30 min, 1 h, 2 h, 3 h,4 h and 7 h, the same amount of algal cells were collected for the determination of glycerol. Algal cells were centrifuged at 5000 g for 3 minutes to remove supernatant. 1 mL of distilled water and 0.5 mL 30% trichloroacetic acid were added to the sediments for 3 min and then centrifuged to remove protein precipitate. 30 μL supernatant and 0.2 mL distilled water were added into the tube containing 1 mL sodium periodate reagent mixture at room temperature. After sitting for 5 minutes, 2.5 mL acetylacetone reagent was added, and tubes were placed in a water bath for 30 min at 60°C. The optical density was measured at 410nm.
Determination of Starch concentration
Algal cells in the logarithmic growth phase in 1.5 M L -1 NaCl media were transferred to 3 M L -1 NaCl media. At 5 min, 30 min, 1 h, 2 h, 3 h, 4 h and 7 h, the same amount of algal cells were collected for the determination of starch. Algal cells were collected in 1.5 mL tubes, adding 80% Ca(NO 3 ) 2 4H 2 O solution for ultrasonic wave breaking for 10 min. Cells were centrifuged at 13000g 4°C, for 10 minutes. 100 μL of supernatant were combined with 1.8 mL 80% Ca(NO 3 ) 2 4H 2 O solution and 100mL I 2 -KI solution, which were inhaled in a cuvette to measure optical density at 620nm.
Results
DsPFK and DsENO expression profile under hyperosmotic stress
This experiment was performed to examine the expression pattern of DsPFK on mRNA levels under hyperosmotic stress, a condition known to involve high glycerol production in D. salina [1] [2] [3] . In Figure 1A , the relative level of DsPFK mRNA gradually increased from 90 min to 6 h under hyperosmotic stress with a highest level at 6 h, suggesting that expression of DsPFK was salinity-dependent. In Figure 1B , the relative level of DsENO mRNA had a significant descending trend from 5 min to 12 h under hyperosmotic stress with a highest level at 10 min. This indicates that the down-regulation of DsENO took priority over the upregulation of DsPFK at the transcriptional level.
Changes in enzymatic activity following hyperosmotic stress
Confirmation of the hyperosmotic-induced changes in glycerol metabolism was obtained by determining the activity of DsPFK during glycolysis. As shown in Figure 2A , during the first 12 h of hyperosmotic stress, the activity of DsPFK increased. This effect was most obvious after 30 min and 3 h of stress, which increased above the initial level by 411%, but dropped after 3 h and decreased past control levels by 24 h. In Figure 2B , the level of activity of DsENO had a decreasing trend from 0 min to 9 h under hyperosmotic stress with a lowest level at 3 h. 
Changes in PEP concentration following hyperosmotic stress
PEP concentrations decreased during the first 3h period, followed by recovery after 6h. PEP concentrations after 12h stress increased higher than its original level at 0 min (Figure 3 ).
Changes in starch and glycerol concentration following hyperosmotic stress
As shown in Figure 4A , the concentration of glycerol gradually increased from 5 min to 3 h under hyperosmotic stress with a highest level at 3h, and decreased from 3 h to 7 h. In Figure 4B , the concentration of starch gradually decreased from 5 min to 12 h under hyperosmotic stress with a lowest level at 12 h. 
Discussion
In D. salina, glycerol is the major compatible solute for maintaining osmotic balance. Sources of carbon for glycerol synthesis come from photosynthetic CO 2 fixation and from the products of reserved starch decomposition [11, 22, 23] . Under hyperosmotic stress, glycerol is massively accumulated, and the source of carbon for glycolysis comes mainly from reserved starch decomposition [11, 23] . During glycolysis, PFK converts glucose to Fructose-1,6-BP, which is then converted to DHAP and glycerol-3-phosphate (Glycerol-3-P) by glycerol-3-phosphate dehydrogenase (GPD). Glycerol-3-P is then converted into glycerol by glycerol-3-phosphate phosphatase (GPP). PFK is a key regulatory enzyme early in the glycolytic pathway [24] . Alhough many studies have examined PFK in plants and animals, PFK in algae remains poorly understood. In this current study, the expression of DsPFK was induced by hyperosmotic stress (17.532% NaCl) resulting in a 6-fold increase in transcription levels during the third and sixth hour of treatment compared to controls at 8.766% NaCl (Figure 1 ). Down-regulation of DsENO both reduced the amount of carbon available for the tricarboxylic acid cycle, and also decreased the formation of PEP. These results suggest that either the transcriptional up-regulation of DsPFK or the down-regulation of DsENO may cause the carbon accumulation in the middle of glycolysis, which is conducive to the synthesis of glycerol. This indicates that the, up-regulation of DsPFK expression occurs in order to satisfy the requirement of the massive synthesis of glycerol under hyperosmotic stress. The response of DsPFK to hyperosmotic stress is similar to that of DsFAD-GPDH and DsGPI [9, 25] . Transcription levels first increased significantly and then decreased significantly, suggesting that the functions of DsPFK, DsFAD-GPDH and DsGPI are coordinated.
In Figure 2 , DsPFK gene transcription levels lagged behind induction of PFK activity. This discrepancy may indicate that the rapid stimulation of PFK activity occurs through another mechanism than transcriptional regulation. Activity differences of these two enzymes would be conducive to the accumulation of glycerol.
PEP catalyzed by ENO has an allosteric inhibition effect on PFK [17] . According to early work [16] , PEP is the most efficient inhibitor for Dunaliella marina PFK. Our previous in vitro experiments showed that when the concentration of PEP was 0.5 mM L -1 , the relative activity of PFK was 0.52. However, when the concentration of PEP was increased to 1mM L -1 , the activity of PFK was completely inhibited.
The cellular metabolites were identified by an effective extraction procedure that did not activate hydrolytic enzymes, and by a sensitive analytical separation technique. To assess the possible reason for hyperosmotic-induced DsPFK activity changes, the concentration of intracellular PEP was measured by HPLC. Figure 3 indicates that readily changing levels of PEP correspond to downstream DsENO activity [26] . This serves as an effective regulator in the PFK step. When the activity of recombinant DsPFK was measured in the presence of exogenous PEP, it was significantly inhibited. Therefore, the level of the regulator and other metabolites, rather than the amount of the mRNA, may be responsible for the rapid fluctuations in DsPFK activity under hyperosmotic stress. The significant increase in PFK activity following hyperosmotic stress indicated that it played a major role in regulating glycerol synthesis from starch. Moreover, PFK were isolated from chloroplasts of Dunaliella and on the basis of kinetic properties it has been proposed as a likely candidate for regulation of glycerol production [16] . This prediction was consistent with the reported drop in ATP (a substrate for the enzyme) following hyperosmotic stress [27, 28] and with the dependence of glycerol synthesis on intracellular concentrations of ATP in Dunaliella [29] .
As show in Figure 4 , starch concentrations descended during 5 min ~ 12 h, which suggests that rapid synthesis of glycerol could balance osmolarity, and that the degradation of starch could provid a carbon source glycerol synthesis. The concentration of glycerol gradually decreased from 3 h to 7 h under hyperosmotic stress in Figure 4A . The change of concentration of glycerol showed that glycerol may work as a precursor factor under high-salt stress. Eventually, other pathways involved with high-salt stress may replace glycerol, resulting in a recovery to normal non-stress concentrations.
Both upstream and downstream enzyme genes involved in glycolysis cooperatively regulate the rapid glycerol synthesis in D. salina under hyperosmotic stress. The reduction of the DsENO expression and its activity restrict the flow of carbon which would otherwise enter the tricarboxylic acid cycle and concurrently relieve the feedback inhibition of PFK activity by PEP. This would improve the synthesis of DHAP and promote the accumulation of glycerol ( Figure 5 ). The cooperative upstream and downstream regulation of glycolysis under hyperosmotic stress in D. salina plays an important role in rapid glycerol synthesis.
